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One of the major tasks of material scientists and engineers is to increase the strength of 
engineering materials. Particularly under the current pressure of carbon emission, automotive and 
aerospace industries not only require materials with high strength, but also need lightweight in order 
to improve the fuel efficiency through weight reduction.  Thus, light alloys, aluminium alloys and 
magnesium alloys in particular, have attracted increasing interest to these industry sectors. To date, 
the highest yield strength reported for aluminium alloys is up to 1,000 MPa after severe plastic 
deformation [1] and it is 440 MPa for magnesium alloys after equal channel angular pressing 
(ECAP) process [2].  These values are far below the theoretical strength of the metals, which is 
generally approximated to E/10 [3], where E is the Young’s modulus. The much lower strength of 
engineering alloys is attributed to the defects, dislocations in particular, in the alloys. Because 
defects-containing alloys are thermodynamically stable due to higher entropy, it is extremely 
difficult to completely remove them. Hence, over the past century, almost all alloys are 
strengthened by introducing more defects, such as dislocations, various types of interfaces, hard 
particles and solutes, in order to hinder the movement of dislocations. For example, nanocrystalline 
alloys [1] with considerable amount of grain boundaries have much higher yield strength than their 
course-grained counterparts. However, the increase of strength through reduction of the grain size is 
limited due to the reverse Hall-Petch effect that is caused by the sliding of grain boundaries [4]. 
Metallic glasses can have strength up to 3,000 MPa [5]. But, the localized shear leads to both strain 
softening and thermal softening [5]. In the past years, theoretical strength of materials has been only 
observed at nanometre scale, such as single crystalline nanowhiskers [6] and nanowires [7], which 
are not only hard to be fabricated, but also have limited engineering applications.  
Recently, Lu and co-workers [8] reported a breakthrough work of fabricating a dual-phase 
nanostructured alloy with near theoretical strength of 3,300 MPa. The research team used the 
magnetron sputtering technique to deposit a 10 µm thick magnesium-based alloy with composition 
of Mg49Cu42Y9 (at%) on a Si(100) single crystal wafer that was maintained at temperature of 150°C 
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during the deposition process. High resolution transmission electron microscopy (HRTEM) 
examination revealed the microstructure of the alloy consisting of nearly defect-free nanocrystalline 
MgCu2 equiaxed grains and the surrounding amorphous shells as shown in Fig. 1. The size of the 
nanocrystalline grains is about 6 nm in diameter and the amorphous shell is about 2 nm thick with 
composition of Mg69Cu11Y20 (at%). Lu and co-workers [8] named this alloy as “supra-nanometre-
sized dual-phase glass-crystal” (SNDP-GC) material. The hardness determined by nanoindentation 
was 6.5±0.1 GPa. Its strength was measured using micro-pillars with diameters ranging from 0.3 to 
4.1 µm (the height to diameter ratio was kept as 2 to 3) through in situ micro-compression in a 
scanning electron microscopy. The determined average ultimate strength is 3,300 MPa at strain 
limit of 4.5%.  The alloy also corresponds to a Young’s modulus of 65 GPa, which was consistently 
determined from both nanoindentation and micro-compression.  Obviously, the strength of this 
alloy (E/20) is close to the theoretical strength (E/10).   
 
Fig. 1 (Color online) HRTEM image showing the uniformly distributed, nanocrystalline MgCu2 grains surrounded by 
amorphous shells. Inset is an fast Fourier transformation (FFT) image of the MgCu2 nanocrystal marked by the dashed 
line rectangle in the main panel, oriented to the [114] zone axis. Reprinted with permission from Ref. [8], Copyright © 
2017 Nature. 
 
Lu and co-workers [8] also discussed the reasons for such high strength based on the HRTEM 
observations as shown in Fig. 2. During deformation, a shear band with size of about 20 nm was 
generated within the amorphous shells (Fig. 2a).  Once such shear band encountered with an MgCu2 
nanocrystalline grain, the propagation of the shear band was hindered (Fig. 2b), which led to two 
consequences. One was the formation of sub-shear bands (Fig. 2b) and a large number of 
embryonic shear bands (Fig. 2a) within the amorphous shell. As a result, the strain was arrested.  
Another was subdividing and then deformation of the MgCu2 nanocrystalline grains as shown in 
Fig. 2c and d. Such deformation not only partially dissipated the free-volume softening effect that is 
generally resulted from the shear transition within the amorphous materials [9], but also led to 
strain-induced hardening of the nanocrystalline grains. Hence, the authors concluded that both the 
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quasi-dislocation-free MgCu2 nanocrystalline grains and the fully relaxed amorphous shells were 
responsible for the high strength.  
 
Fig. 2 (Color online) TEM bright field and HRTEM images showing the deformation mechanisms of the Mg-based 
SNDP-GC alloy. (a) Bright field image of the tip of an initial shear band (S area) and the radiation-shaped embryonic 
shear bands generated by the encountering of the initial shear band with a MgCu2 nanocrystalline grain. The inset is the 
image of a micro-pillar after micro-compression. (b) HRTEM image of area A in (a), showing the inhibition of the 
initial shear band by a MgCu2 nanocrystalline grain (encircled by a dashed line, having a (222) planar structure with 
0.21 nm planar spacing) and the two sub-shear bands generated accordingly. (c) HRTEM image of area B in (a) inside 
the initial shear band, showing the dividing of a MgCu2 nanocrystalline grain by the shear band. (d) Inverse Fourier 
transformation (IFT) image of (c), showing the 40° rotation of the two parts of the MgCu2 grain with respect to each 
other. Reprinted with permission from Ref. [8], Copyright © 2017 Nature. 
 
This new work can be considered as groundbreaking. Firstly, it has successfully increased the 
size of materials with theoretical strength from previous nanometre scale to micrometre scale. 
Although the Mg-based SNDP-GC alloy fabricated has only 10 µm thick, the area has been over 
(100 × 100) mm.  Secondly, this alloy made the record with the highest specific strength (the ratio 
of strength in MPa to density) of 527, which is much bigger than that of the Mg-30 at% Li alloy that 
has been regarded as the lightest magnesium alloy [10].  More importantly, another significance of 
this work [8] is the exploration of a novel hybrid strengthening mechanism for materials. In the 
dual-phase structure, the grain boundaries of the MgCu2 nanocrystalline grains are smartly replaced 
with an amorphous hierarchy. Elimination of the grain boundaries overcame the problem of the 
reverse Hall-Petch effect resulted from the grain boundary sliding [4]. The crystalline nanometre 
scaled MgCu2 intermetallic grains provided barriers for shear band propagation in the amorphous, 
weakening the strain softening effect due to the localized shear. It is reasonable to believe that this 
hybrid strengthening mechanism should also be valid in other systems and bulk alloys.   
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Although the strengthening mechanism was well-discussed [8], how the crystal-amorphous dual 
phase formed in the Mg-based SNDP-GC alloy was not reported. Did it form directly during the 
deposition process or in two steps: deposition of the amorphous and then localized crystallization of 
MgCu2 at an appropriate temperature of 150°C?  If it formed in two steps, then what are the factors 
that governed the crystallization process? Clarification of these issues may provide fundamental 
guidance to develop bulk engineering alloys with theoretical strength using the similar approach.  
Even in the current 10 µm thick thin film format, the SNDP-GC alloy still has strong potential for 
engineering applications, such as in surface engineering,  as indicated by authors [8], after the 
tribological and corrosion behaviours of the alloy are characterized. In addition, surface coating 
with such strong material also has possibility to improve fatigue resistance of engineering alloys in 
aerospace industry. Finally, as a conclusion, this work by Lu and co-workers [8] not only reveals a 
new strengthening mechanism of metals, but also provides industry with a high strength material for 
surface coating.  Hence, the published work has both scientific and technological significance.  
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